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INTRODUCTION 


Oxygen  <02)  enriched  mixtures  are  used  In  many  routine  operational 
settings,  and  breathing  100Z  0^  la  an  integral  part  of  U.S.  Navy  recompreasion 
tables.  The  physiological  and  operational  advantages  of  Oj  usage  oust  be 
carefully  balanced  against  its  potential  hazards,  the  nature  of  which  depend 

on  the  partial  pressure  of  0.  (P_  ) .  At  dry  ambient  pressures  greater  than 

°2 

approximately  3  ATA,  exposure  to  100Z  0.,  produces  a  variety  of  central  nervous 
system  symptoms;  exposure  to  lover  pressures  facilitates  a  slower  toxic 
process  that  produces  lung  Injury. 

In  1970,  Clark  and  Lambertsen  suggested  that  decreases  in  vital  capacity 

could  be  used  to  predict  the  onset,  rate  of  development,  and  degree  of 

severity  of  the  toxic  process  in  the  lung  caused  by  exposure.  They 

developed  a  predictive  graphical  model  relating  P  ,  time  of  exposure,  and 

? 

toxicity  expressed  as  a  decrement  in  vital  capacity  (VC).  Subsequently, 

Bardin  and  Lambertsen  (1970)  developed  a  mathematical  description  of  this 
graphical  process.  This  mathematical  model  had  some  minor  complexities  thst 
made  on-site  calculation  inconvenient,  so  they  developed  an  equivalent  dose 
concept:  the  Unit  Pulmonary  Toxicity  Dose  (UPTD) .  This  concept  permitted 

calculation  of  predicted  effects  from  cumulative  0^  exposures.  Me  will 
examine  closely  the  derivation  and  usefulness  of  the  UPTD,  which  is  currently 
used  in  the  U.S.  Navy.  Because  this  is  based  on  the  measurement  of  vital 
capacity,  we  included  an  extensive  review  and  summary  of  these  data. 

BACKGROUND 

In  Navy  operations,  pulmonary  0^  toxicity  becomes  0  risk  during  long 
saturation  dives  or  decompression  procedures  where  it  is  desirable  to  maintain 
levels  as  high  as  possible,  and  during  long  or  difficult  treatments  of 
decompression  sickness.  Currently,  for  saturation  dives,  chamber  P  of  0.6 


1 

I 

I 

! 

ATA  is  recommended  similar  to  the  clinical  setting  where  a  Pn  of  0.4  ATA  is  j 

2  i 

considered  safe  for  indefinite  exposures,  while  a  P  of  0.6  to  0.7  ATA  is 

°2  : 
considered  acceptable  for  24  h.  Recompression  treatments  are  carried  out  at 

60  fsw  (2.8  ATA),  followed  by  some  time  at  30  fsw  (1.9  ATA),  and  consist  of  i 

i 

alternating  exposures  of  0^  and  air.  United  States  Navy  Recompression  Tables 

5  and  6  (U.S.  Navy  Diving  Manudl,  1978)  are  similar,  except  that  Table  6, 

designed  for  treatment  of  more  serious  decompression  sickness,  has  one  extra 

20  min  0^/5  min  air  cycle  at  60  fsw,  and  two  60  min  0^/15  min  air  cycles  at  30 

fsw  instead  of  one  20  min  0^/b  min  air  cycle.  Table  6A  is  used  for  treatment 

of  air  embolism  and  adds  a  30  min  air  exposure  at  165  fsw  that  exposes  the 

patient  to  a  P  of  1.05  ATA.  The  Manual  states  that  extra  0  exposures  may 
°2 

be  added  at  each  of  the  stops  and,  in  fact,  extension  or  repetition  of  the 
tables  is  determined  from  the  patient's  response  by  the  Diving  Medical 
Officer.  Before  extending  the  tables,  the  physician  will  often  refer  to  the 
UPTD  for  guidance  when  there  Is  a  concern  about  the  development  of  pulmonary 
0^  toxicity. 

Evidence  of  Pulmonary  0^  Toxicity:  Animal  Studies 

The  fact  that  0^  exposure  is  potentially  very  harmful  to  the  lungs  of 
animals  and  man  was  observed  about  100  years  ago,  yet  0^  toxicity  remains  a 
challenging  clinical  and  physiological  problem.  Until  recently,  most 
information  was  derived  from  survival  or  histological  studies.  Small  mammals 
such  as  dogs,  cats,  rats,  guinea  pigs,  and  mice  survive  approximately  three 
days  on  0 ^  at  1  ATA,  while  primates  tolerate  seven  to  14  day  exposures.  The 
first  thorough  serial  study  of  lung  pathology  was  done  with  rats  (Kistler, 

Caldwell,  and  Weibel,  1967),  and  revealed  a  progressive  thickening  of  the  air- 
blood  barrier,  due  primarily  to  interstitial  edema,  followed  by  interstitial 
accumulation  cf  cells  and  fibrin  strands.  The  endothelium  sustained  the 
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earliest  and  ultimately  the  most  severe  damage,  while  the  epithelium  was 
largely  spared.  The  lungs  of  primates  and  ventilated  human  patients  undergo 
similar  changes  (Kapanci  et  al.,  1972;  Barber,  Lee,  and  Hamilton,  1970), 
except  that  there  is  destruction  of  Type  I  epithelial  cells  followed  in  time 
by  a  proliferation  of  Type  II  epithelial  cells.  These  proliferative  and 
flbrotic  changes  are  reversible  over  two  to  three  months  If  the  primates  are 
first  gradually  weaned  off  the  high  C>2  tensions  (Kaplan  et  al.,  1969;  Kapanci 
et  al.,  1969;  Wolfe  et  al.,  1978). 

Although  these  histological  studies  suggested  gradual  impairment  of 
diffusing  capacity  and  perhaps  of  gas  exchange,  recent  animal  experiments 
(Harabin  and  Farhi,  1978;  Matalon,  Nesarajah,  and  Farhi,  1982;  Harabin,  Homer, 
and  Bradley,  1984),  not  confounded  by  anesthesia,  mechanical  ventilation,  or 
restraint  showed  that  progressive  hypoxemia  did  not  occur.  While  there  were 
terminal  alterations  in  gas  exchange,  it  was  difficult  to  ascribe  hypoxemia  as 
the  cause  of  death. 

Several  animal  studies  have  been  conducted  to  determine  whether  lengthy 

exposures  to  moderately  elevated  P  s  produced  pathological  changes,  and  it 

2 

appeared  that  these  exposures  were  not  without  effect.  Total  lung  capacity 
decreased  15%  in  rats  exposed  to  60%  0^  for  seven  days  due  to  decreased  lung 
compliance  (Hayatdavoudi,  1981).  These  animtls'  lungs  showed  significant 
histological  changes,  including  edema,  decreased  alveolar  air  volume, 
increased  numbers  of  alveolar  macrophages,  and  decreased  endothelial  volume 
and  thickness.  Lungs  of  rats  exposed  to  50%  O2  for  90  days  showed  Increased 
numbers  of  vesicles,  fluid  accumulation,  and  platelet  aggregates  (Harrison, 
1974).  Finally,  rats  exposed  to  33%  O2  for  up  to  two  weeks  lost  weight,  had 
decreased  pulmonary  surface  area  for  gas  exchange,  and  had  increased  numbers 
of  eosinophilic  granulocytes  (Kistler,  Caldwell,  and  Weibel,  1966). 
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Evidence  of  Pulmonary  0^  Toxicity:  Human  Studies 
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A  limited  number  of  studies  have  documented  the  pathogenesis  of  pulmonary 

injury  in  normal  men  exposed  to  0^  for  6  to  74  h  at  pressures  ranging  from 

0.83  to  2.0  ATA  (Caldwell  et  al.,  1966;  Clark  and  Lambertsen,  1970;  Clark  and 

Lambertsen,  1971a;  Comroe  et  al.,  1945;  Dewar  et  al.,  1972;  Dolezal ,  1962; 

Fisher  et  al.,  1968;  Ohlsson,  1947;  Puy  et  al.,  1968;  Van  de  water  et  al., 

1970;  Widell  et  al.,  1974).  Strong  subjective  symptoms  of  pulmonary  0^ 

toxicity  developed  in  most  men  after  6  to  14  h  at  1  ATA  with  shorter  pi, 

of  latency  at  higher  Pn  s,  and  increased  severity  as  exposure  was  lengthened. 

2 

The  clinical  manifestations  included  sore  throat,  substernal  pain,  cough  5n;, 
(particularly  upon  deep  inspiration),  headache,  anorexia,  and  paresthesias. 

In  studies  that  will  be  described  in  detail  later  (Comroe  et  al.,  1945; 
Ohlsson,  1947  ;  Caldwell  et  al.,  1966;  Clark  and  Lambertsen,  1971a;  Dolce:.!, 
1962)  vital  capacity  decreased.  In  two  other  studies  conducted  for  5  to  f  ! 
at  2  ATA,  vital  capacity  decreased  by  0  and  1.5%,  respectively  (Dewar  cr  al , 
1972;  Widell  et  al.,  1974).  Carbon  monoxide  diffusing  capacity  (DLCO) 
two  studies  (Caldwell  et  al.,  1966;  Puy  et  al.,  1968);  one  study  conclude! 
that  the  membrane  component  was  responsible  (Caldwell  et  al . ,  1966),  while  *!.. 
other  found  that  pulmonary  capillary  blood  volume  had  decreased  (Puy  ot  n~,, 
1968).  Alveolar-arterial  0^  gradients  do  not  appear  to  change  consistent  1 y 
throughout  0^  breathing  (Clark  and  Lambertsen,  1971b;  Puy  et  al.,  19b8;  X'r  ■ 
et  al.,  1972).  Airway  resistance  was  shown  to  increase  by  30%  (Dewar  et  „ 
1972)  or  by  less  than  18%  (Fisher  et  al.,  1970).  Reports  of  the  effects  on 
ventilatory  frequency  conflict  (Ohlsson,  1947;  Dolezal,  1962).  Physio  logl. 
pulmonary  shunt,  cardiac  output,  extravasqular  lung  water,  and  pulmonary 
artery  and  systemic  blood  pressures  were  also  not  affected  substantially  !, :  2 
ATA  0^  exposures  that  did  not  produce  symptoms  (Dewar  et  al.,  1972;  Van  de 

4 


vitit  tt  *1.,  1970).  Any  documented  changes  that  occurred  vara  reversible, 
although  racovary  tins  varied  fro*  laved lata  to  aa  long  aa  two  non the, 


Whlla  It  la  thus  clear  that  exposure  to  100X  0g  has  the  potential  to 

produce  pulaonary  damage,  questions  whose  answers  ere  less  elssr  include  the 

following.  How  such  0_  exposure  results  In  irreversible  damage?  What  is 

i  I 

safe  for  long  exposures?  la  the  Navy's  choice  of  0.4  ATA  eptlaelf  If  the 
concentration  of  Og  must  be  Increased  to  100X  between  1  end  2*1  ATA,  whet 
length  exposure  la  safe?  Aside  from  Intermittent  exposure,  ere  there  ways 
that  pulmonary  Og  toxicity  can  be  prevented  or  ameliorated?  What  is  the 
optimum  lntarmlttancy  schedule?  Concerned  with  answering  some  of  these 
questions  and  having  reviewed  moat  of  the  literature  dsserlbed  above,  Clark 
and  tambertean  (1970)  proposed  that  change  in  vital  capacity  was  the  meat 
reliable  Index  of  pulmonary  Og  toxicity  for  addressing  some  of  those  issues, 
Vital  Capacity  ee  an  Index  of  fulmoneryO^Toxioity 


There  are  four  major  human  studies  in  which  vital  sapssity  was  mesourod 

aerially  throughout  continuous  Og  exposures  of  significant  length.  In  1947, 

Ohlaaon  studied  six  subjects  who  breathed  I0*I9X  Og  at  t  ATA,  and  two  cant  ret 

subjects  who  breathed  a  P-  batwaan  0.21-0,11  ATA,  Wa  extracted  the  dels  Item 

°2 

the  figures  in  the  paper)  these  are  Included  in  Table  I  and  planed  aa  raw 
data  and  percentage  changes  in  Pig.  1,  Pour  of  tha  six  subjects  developed 
symptoms  (headache,  aubatarnal  distress,  psraethaslee)  after  4  is  14  h, 

In  1966,  Caldwsll  it  si.  srudiad  four  aubjaats,  each  #f  whom  was 
subjected  to  30,  41,  60,  or  74  h  of  0,94  A^A  Og  at  atmeapharls  pleasure, 

These  data  (also  extracted  from  figures  in  the  paper)  are  shown  In  Table  I  and 
Fig.  2.  The  authors  claimed  a  fifth  control  subject  had  tt«  fhangea  In  vital 
capacity,  but  there  ware  no  supporting  data, 


TABLE  1 


Obleeoe  (1947)  lev  Vital  Capacity  Measured  In  Six  Subjects 
uxposed  to  P.  of  0.83  ATA 


Hm 

ihl 

j _ 

2 

3 

Subject 

4  5 

6 

7t 

8+ 

0 

5.1* 

4.7 

4.8 

4.8 

5.2 

4.1 

5.6 

4.8 

4.1 

f  i) 

4.4 

4.8 

4.7 

5.2 

4.1 

5.8 

4.9 

9.4 

5.2 

4.4 

4,8 

4.8 

5.0 

4.0 

5.6 

5.0 

14.4 

4.5 

4.6 

4.2 

4.6 

3.6 

5.6 

4.8 

If. I 

4.1 

4.2 

4.7 

4.2 

4.6 

3.2 

5.4 

4.9 

94 

4.5 

4.4 

4.5 

4.1 

4.6 

3.6 

5.4 

4.7 

91.1 

4.1 

4.4 

4.6 

3.8 

4.6 

3.6 

5.5 

4.7 

t),l 

4.4 

4.4 

4.6 

3.6 

4.6 

3.7 

5.6 

5.0 

H.4 

4.C 

4.4 

4.2 

3.8 

4.2 

3.7 

5.6 

• 

il.l 

5.0 

4,4 

4.1 

3.7 

3.8 

3.7 

5.5 

5.0 

41 

4.9 

4.7 

4.4 

3.8 

3.5 

3.5 

5.5 

4.9 

_ 8-il-  - 

4.7 

4.4 

3.7 

3.5 

3.5 

5.6 

4.8 

mm 

llM'lty  la  Matured  la  liters. 

<leb)s*ie  7  sad  I  were  eeatrel  aubjeets  trho  breathed  0.21-0.35  ATA  0 
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Fig.  1.  Effect  of  exposure  to  0.83  ATA  0.  on  human  vital  capacity  as  reported 
by  Ohlason  (1947).  Top  panel  shows  raw  data  (In  liters)  as  a  function  of 
time;  bottom  panel  shows  data  expressed  as  I  change  from  the  control  value. 
Each  line  represents  the  time  course  for  an  individual  subject  (n  -  6). 


W;v: 


TABLE  2 


Caldwell  at  al.  (1966)  Raw  Vital  Capacity  Data  Measured  In 
Four  Subjects  Exposed  to  Pft  of  0.98  ATA. 


Time 

Oil 

1 

Subject 

2 

3 

4 

-84 

- 

6.1 

- 

- 

-72 

- 

5.8 

4.1 

- 

-60 

- 

6.0 

4.2 

- 

-48 

5.9* 

5.5 

4.2 

- 

-36 

6.0 

6.1 

4.4 

- 

-24 

6.1 

6.1 

4.4 

5.6 

-12 

6.3 

6.0 

4.4 

5.4 

0 

6.2 

5.9 

4.3 

5,5 

8 

5.8 

5.5 

4.2 

5.3 

16 

5.5 

- 

- 

» 

20 

- 

5.0 

4.1 

5.0 

30 

5.9 

5.1 

- 

5.0 

32 

- 

- 

4.1 

- 

42 

5.4 

- 

- 

- 

48 

- 

5.2 

3.5 

- 

52 

5.2 

- 

- 

- 

60 

- 

- 

3.5 

- 

74 

3.9 

• 

♦Vital  capacity  Is  aaasured 

In  liters. 

8 


Pig.  2.  Effect  of  exposure  to  0.98  ATA  0„  on  human  vital  capacity  an  reported 
by  Caldwell  et  al.  (1966).  Panel  A  ahova  raw  data  (in  liters)  as  a  function 
of  time;  panel  B  shows  data  expressed  ns  X  change  from  the  control  value. 

Each  line  represents  the  time  course  for  an  individual  subject  (n  »  4). 


la  1971,  CUrfc  and  Lambert sen  (197U)  published  data  fro*  13  subjects 


exposed  to  100S  0»  at  2  ATA  for  tl*a<  ranging  fro*  6  to  11,8  h.  Exposures 
vara  terminated  when  a  Halgnif leant  reduction"  in  vital  capacity  davalopad  or 
eymp to*a  became  aavara,  In  12  of  13  subjects,  the  flrat  subjective  symptoms 
davalopad  In  3  to  6  h  while  tha  laat  subject  vaa  symptom  fraa  for  8  h.  All 
aubjaeta  had  chaat  pain*  all  but  ona  coughed,  so  at  vara  vary  fatlguad, 
nauseous,  and  dyspnelc,  ona  had  paresthesias,  and  tvo  falntad.  Tha  vital 
capacity  raaulta  ara  ahovn  In  Tabla  3  (Clark  and  Lambartsen,  1970)  and  Fig.  3. 
Clark  and  LaVbartaan  allvlnatad  aubjaeta  12  and  13  fro*  thalr  analysis  bacauaa 
the  expoauraa  vara  interrupted  for  1*2  *ln  ovary  fav  houra  for  DLCO 
measurements.  Thaaa  aubjaeta  davalopad  oubjactlve  and  objaetlva  symptoms  of 
02  poisoning,  but  tha  authora  aaid  thaaa  brief  interrupt Iona  "appeared  to 
have"  delayed  tha  ooeet  of  toxic  affacta.  (Wa  vill  analyse  tha  affect  of 
censoring  tha  data  of  thaaa  tvo  aubjaeta) 

Eckenhoff  and  covorkara  (paraonal  communication)1  recently  co*platad  a 
aarlaa  of  3  ATA  air  saturation  (AlkSAT  4)  divas  at  tha  Naval  Submarine 


Research  Laboratory  in  Groton,  CT,  in  vhlch  serial  vital  capacity  maasurevents 
vara  oada  in  12  experimental  and  six  control  subjects.  The  dive  profile,  Fig. 


4,  shove  that  the  man  breathed  0.3  ATA  0^  ?Q  for  tha  first  12  h,  1.03  ATA  02 
for  48  h,  and  enriched  02  mixtures  for  another  62  h  during  decompression. 


Controls  vara  treated  tha  same  except  that  they  vara  exposed  to  a  F.  of  0.3 

°2 

ATA  during  tha  48  h.  Tha  raaulta  of  all  tha  vital  capacity  aaaauraaanta  *ada 


in  twelve  experimental  aubjaeta  ara  shovn  in  Fig.  3.  Figure  6  includes  only 
the  first  60  h  of  the  diva  (includes  up  to  tha  1.03  ATA  02  exposure  segment) 
so  that  comparisons  with  data  from  Ohlsson  (1947),  Caldwell  et  al.  (1966),  and 


l All  references  to  Eckenhoff  are  personal  communications,  thus  only  his  name 
will  be  cited  in  euccesslve  text. 


TAIL!  3 


Claris  at  al.(1970)  bv  Vital  Capacity  Data  Maaaurad  la  13  Subjocto 

Cjtpoaad  to  fn  of  2.0  ATA 


Tina 

J&L 

1 

2 

} 

4 

} 

tub J act 

6 _  7 _ 

8 

9 

10 

11 

12 

13 

0 

3.0* 

6.3 

4.3 

3.3 

3.7 

4.4 

3.3 

6.3 

6.6 

3.4 

3.2 

6.4 

5.2 

2 

3.1 

4.4 

4.4 

- 

- 

m 

- 

- 

- 

- 

- 

6.4 

- 

3 

3.0 

6.4 

4.2 

3.3 

3.7 

m 

- 

- 

- 

- 

- 

6.3 

5.0 

4 

3.0 

6.4 

4.2 

3.3 

3.6 

4-.  2 

3.3 

5.6 

6.3 

5.1 

4.8 

m 

- 

5 

4.9 

6.1 

4.3 

m 

- 

m 

m 

- 

m * 

- 

- 

6.2 

- 

6 

4.1 

6.1 

4.3 

3.2 

3.7 

3.7 

6.2 

5.6 

m 

4.9 

4.5 

- 

5.1 

7 

4.9 

6.0 

- 

- 

- 

2.7 

3.0 

- 

- 

- 

- 

- 

5.1 

7.3 

- 

- 

4.4 

- 

- 

- 

m 

- 

- 

- 

- 

6.0 

- 

e 

m 

6.0 

4.3 

4.9 

- 

3.0 

3.1 

3.3 

- 

4.8 

- 

• 

1.4 

4.8 

- 

- 

5.4 

- 

- 

m 

- 

- 

- 

- 

9 

4.7 

3.6 

4.2 

4.9 

- 

4.8 

- 

- 

- 

4.3 

5.8 

5.1 

9.3 

- 

- 

- 

- 

5.3 

- 

- 

- 

- 

- 

- 

- 

- 

10.3 

- 

5.7 

- 

3.0 

3.6 

m 

- 

- 

- 

4.6 

- 

6.2 

- 

11 

- 

4.2 

4.9 

m 

- 

- 

- 

- 

- 

- 

4m 

5.1 

u. e 

m 

— 

mt 
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5.6 

— 
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. 
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•*  w>»*ur«  If  1,0  ATA  0.  aa  kvaa*  Vila)  fapatliy  aa  r«rur<»4 
by  Clark  and  Laafcartaan  (l#70),  Tap  fanll  ihwi  rav  data  (fa  ifiara)  aa  » 
function  of  tlaai  kttita  fatal  akava  data  aapraaaad  aa  I  ihat|t  rr«a  th» 
control  valua,  lack  llaa  rafraaanta  tka  llaa  tavraa  far  aa  Individual  autom 
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Fig.  4.  Fiv«  ATA  alt  saturation  sxposura  prof Da  utillrad  by  Eekanhoff  in 
1983#  Tba  aubjacta  vara  covprassad  to  3  ATA  for  60  It  and  than  slowly 
daeoapraaaad .  Air  vaa  aupplltd  for  48  h  (raaultlng  In  a  ?Q  of  1.03  ATA) 
follovad  by  ¥5-05  vlxturaa  that  kapt  Fn  *0.3  for  48  h.  P:,*  was  a*>proxi«ataly 
0.3  ATA  at  alf  othar  tlaaa  during  tha  ptofila.  1 


Fig .  5.  All  human  vital  capacity  measurements  reported  by  Eckenhoff  in  1983 
in  12  subjects  participating  in  5  ATA  air  saturation  exposure  diagrammed  in 
Fig  A.  Between  11  and  48  h,  the  subjects  breathed  1.05  ATA  0?.  Panel  A  shows 
raw  data  (In  liters)  as  a  function  of  time;  panel  B  shows  data  expressed  as  X 
change  from  initial  measurement.  Each  line  represents  the  time  course  for  an 
individual  subject. 
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Clark  and  Lambartsen  (1970)  are  simplified.  The  results  from  the  six  control 
subjects  are  shown  In  Fig.  7,  and  Tables  4A  and  4B  Include  the  raw  data. 


In  1945,  Comroe  et  al.  reported  changes  In  vital  capacity  in  groups  of 

men  exposed  to  100%,  75%,  and  50%  0^  as  well  as  various  schedules  of 

intermittent  exposure  for  24  h.  They  did  not  provide  actual  vital  capacity 

measurements.  From  the  figures  In  their  paper,  however,  we  calculated  the 

mean  decrements  In  VC  for  each  of  these  groups,  and  these  data  are  included  ir. 

Table  5.  In  those  groups  that  developed  symptoms  (Groups  A,  B,  o,  E,  F) ,  th« 

latency  period  ranged  from  4  to  22  h  with  an  average  of  5.2  h.  Subjects  shat 

received  intermittent  exposures  developed  symptoms  that  were  "reduced  In 

severity."  No  specifics  were  provided  about  the  types  of  statistics  used  to 

analyze  these  data,  but  the  claims  were  made  that  the  VC  decrement  in  men 

exposed  to  continuous  100%  0^  (Group  A)  was  significant,  that  intermittency 

did  not  stay  the  development  of  toxicity,  and  that  a  P_  of  0.5,  with  or 

z 

or  without  N2  diluent,  (Groups  C,  H)  was  completely  safe.  This  study  was 

used  as  a  source  to  justify  a  P_  of  0.5  ATA  as  a  safe  exposure  level  (Clari: 

°2 

and  Lambertaen,  1970).  This  Inference  apparently  arose  from  the  development 
or  nondevelopment  of  subjective  symptoms  only  because  the  VC  results  are 
Inconclusive. 

A  number  of  other  studies  were  conducted  to  determine  whether  long 

exposures  to  only  a  moderately  elevated  P-  can  be  deleterious;  these  ere 

°2 

listed  in  Table  6.  (Control  groups  of  Eckenhoff,  and  Ohlsson  (1947)  tiw.'rf?*,* 
this  same  issue).  Several  studies  (Morgan  et  al.,  1963a;  Morgan  f.t  i’ .  . 

1963b;  Dubois  et  al. ,  1963)  included  only  measurements  made  before  end  after 
experiments,  while  others  included  serial  measurements  (Michel  et  al,,  I960; 


Morgan  et  al.,  1961;  Fisher  et  al.,  1970;  Fife  et  al.,  1973).  We  re-expresste 


Fig.  7.  Vital  capacity  measurements  made  In  six  control  subjects  studied  by 
Eckanhoff  In  1983.  These  subjects  were  exposed  to  the  depth  profile  shown  In 
Fig.  4  but  were  supplied  with  a  P  of  0.3  ATA  for  48  h  when  experiments 
breathed  1.05  ATA  Oj.  The  top  pafiel  shows  raw  date  (in  liters)  as  a  function 
of  time;  the  bottom  panel  shows  data  expressed  as  X  change  from  initial 
measurement.  Each  line  represents  the  time  course  for  an  individual  subject 
(n  -  6). 
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TABLE  4A 


Eckenhoff  Raw  Vital  Capacity  Data  Measured  in  12  Experimental 
Subjects  Exposed  to  5  ATA  Air  Saturation  Dive 


1 


Time 

(h) 

(Si) 

l 

2 

3 

4 

5 

Subject 

6 

7 

8 

9 

10 

11 

12 

0 

0.21 

3.9* 

6.5 

6.7 

5.7 

5.8 

5.5 

5.8 

4.2 

4.8 

7.0 

5.4 

6.0 

3.5 

0.3 

A.O 

6.4 

6.1 

5.8 

5.8 

5.5 

5.9 

4.1 

4.5 

6.9 

5.6 

5.8 

8 

0.3 

3.9 

6.4 

6.5 

5.5 

5.8 

5.3 

5.8 

4.3 

4.8 

7.0 

5.6 

5.9-1 

11.5 

0.3 

3.8 

6.5 

6.6 

5.1 

5.6 

5.4 

5.8 

4.0 

4.7 

6.9 

5.5 

6.0 

11 

1.05 

4.1 

6.5 

6.6 

5.4 

5.5 

5.1 

5.9 

4.1 

4.5 

6.5 

5.2 

5.7  | 

15 

1.05 

4.1 

6.3 

6.5 

5.3 

5.3 

5.1 

5.6 

4.1 

4.4 

6.6 

5.3 

5.8-1 

* 

1.05 

3.9 

6.5 

6.5 

4.8 

5.2 

4.9 

5.3 

3.7 

4.5 

6.8 

5.2 

6.0  | 

1.05 

3.8 

6.6 

6.6 

4.7 

5.1 

4.7 

5.4 

3.4 

4.6 

6.3 

5.0 

5.6  i 

’< 

1.05 

3.6 

6.4 

6.5 

4.4 

5.1 

5.0 

5.4 

3.0 

3.9 

6.1 

4.8 

5.6  1 

yj 

1.05 

3.7 

5.9 

6.5 

4.5 

4.5 

4.2 

5.4 

3.4 

4.1 

6.0 

4.8 

5.4  ! 

•  ■> 

•i  j 

1.05 

3.2 

6.1 

6.7 

4.1 

4.4 

5.0 

5.4 

3.2 

4.0 

5.8 

4.4 

5.4 

4  7.5 

1.05 

3.1 

5.9 

6.2 

4.3 

4.2 

4.5 

5.4 

3.2 

4.0 

5.6 

4.4 

5.0 

59 

0.5 

3.3 

6.2 

6.7 

4.3 

4.4 

4.2 

5.1 

3.0 

3.8 

5.4 

4.4 

4.7  i 

.53 

0.5 

3.5 

6.2 

6.8 

4.3 

4.5 

4.5 

5.3 

3.3 

4.3 

5.2 

4.3 

4.8 

66 

0.5 

3.5 

6.3 

6.6 

3.9 

4.4 

4.4 

5.4 

3.1 

4.1 

5.0 

4.8 

4.1 

71 

0.5 

3.5 

6.4 

6.8 

4.7 

4.7 

4.2 

5.1 

3.0 

4.1 

5.5 

4.6 

4.6 

S3 

0.5** 

3.0 

6.0 

6.5 

4.8 

4.7 

4.4 

5.4 

3.0 

4.2 

5.3 

4.8 

4.3 

88 

3.2 

6.5 

6.6 

4.9 

4.7 

4.2 

5.6 

3.4 

4.3 

5.7 

4.8 

4.6 

91 

3.1 

6.3 

6.5 

4.9 

5.0 

4.2 

5.5 

3.2 

4.3 

5.7 

4.7 

4.5 

»  f, 

2.9 

6.5 

6.6 

5.0 

5.2 

4.6 

5.4 

3.3 

4.3 

5.3 

4.9 

4.3 

3.0 

5.9 

6.6 

5.0 

5.3 

4.8 

5.4 

3.1 

4.2 

6.2 

4.9 

4.6 

3.0 

6.6 

6.7 

5.0 

5.5 

4.8 

5.4 

3.2 

4.5 

6.3 

5.1 

4.6 

0.21 

3.5 

6.4 

6.5 

5.1 

5.3 

4.9 

5.4 

3.6 

4.7 

5.9 

5.1 

4.9 

0.21 

3.2 

6.2 

7.0 

5.2 

5.4 

4.9 

5.5 

3.6 

4.6 

6.1 

5.5 

4.8 

0.21 

3.4 

6.2 

7.0 

5.5 

5.6 

5.0 

5.2 

3.6 

4.8 

6.5 

5.5 

5.4 

:•< 

0.21 

3.7 

6.0 

6.8 

5.6 

5.6 

4.9 

5.7 

3.7 

4.7 

6.8 

5.4 

5.4 

0.21 

3.7 

6.1 

6.6 

5.7 

6.0 

5.1 

5.6 

4.0 

4.7 

7.0 

5.5 

5.4 

0.21 

3.7 

6.4 

6.8 

5.8 

5.7 

5.3 

5.6 

4.0 

4.8 

6.8 

5.3 

5.5 

0.21 

3.6 

6.3 

6.8 

5.8 

5.8 

5.2 

5.8 

4.1 

4.8 

6.9 

5.3 

5.5 

c.X  capacity  is  measured  in  liters. 


-  rompreasion  occurred  between  83  and  120  h  and  Pn  was  gradually  brought  back  to  0.21  ATA. 

2 


18 


'  "  V  a.*  «•„*  a.™  *. 


'  'J\A 


*ru  *r«  *c-  *V  tw  »Tv 


r.  -uvi  a.-  n_', 


-v*.  4-*\ 


».* 


TABLE  4B 


Eckenhoff  Raw  Vital  Capacity  Data  Measured  in  6  Control 
Subjects  Exposed  to  S  ATA  with  Pn  of  0.3  ATA 


Time 

_M 

A 

1 

2 

Subjects 

3  4 

5 

6 

0 

0 

5.4* 

6.1 

5.3 

6.3 

3.8 

5.5 

4 

0.3 

5.1 

6.0 

5.0 

6.3 

3.9 

5.3 

7 

0.3 

5.3 

6.1 

5.2 

6.2 

3.7 

5.3 

11 

0.3 

5.1 

6.0 

5.3 

6.4 

4.1 

5.1 

23 

0.3 

5.5 

5.8 

5.2 

6.5 

3.7 

5.4 

27 

0.3 

5.3 

6.2 

5.2 

6.4 

3.7 

5.1 

31 

0.3 

5.1 

6.1 

5.1 

6.5 

4.1 

5.4 

35 

0.3 

5.2 

6.2 

5.2 

6.5 

3.5 

3.9 

47 

0.3 

5.2 

5.9 

5.1 

6.6 

3.8 

5.2 

51 

0.3 

5.7 

6.1 

5.2 

6.6 

3.8 

5.0 

55 

0.3 

5.2 

6.2 

5.2 

6.5 

4.0 

5.5 

59 

0.3 

5.2 

6.2 

5.0 

6.6 

3.7 

5.4 

71 

0.5 

5.3 

6.0 

5.0 

6.5 

3.8 

5.4 

85 

0.5 

5.2 

6.1 

4.4 

6.6 

3.9 

5.1 

88 

0.5 

5.2 

6.2 

4.5 

6.5 

3.8 

5.2 

93 

0.5 

5.3 

6.2 

4.7 

6.6 

3.8 

5.0 

105 

0.5** 

5.3 

5.8 

4.7 

6.7 

3.9 

5.3 

110 

5.1 

5.9 

4.8 

6.6 

3.9 

5.7 

113 

5.1 

6.2 

4.8 

6.6 

3.7 

5.8 

117 

5.2 

5.9 

4.8 

6.5 

3.7 

5.6 

129 

5.2 

5.8 

4.8 

6.6 

3.9 

5.5 

134 

5.3 

6.2 

4.9 

6.5 

3.7 

5.6 

137 

0.21 

5.3 

6.2 

4.9 

6.5 

3.8 

5.7 

153 

0.21 

5.3 

6.2 

4.9 

6.4 

3.8 

5.5 

158 

0.21 

5.5 

6.2 

5.1 

6.7 

3.9 

5.8 

177 

0.21 

5.4 

6.0 

5.2 

6.4 

3.8 

5.8 

191 

0.21 

5.3 

6.1 

5.2 

6.6 

3.9 

5.6 

225 

0.21 

5.4 

6.1 

5.3 

6.7 

3.8 

5.8 

*Vital  capacity  is  measured  in  liters. 

**Decompre8sion  occurred  between  83  and  120  h  and  P.  was  gradually  brought 
back  to  0.21  ATA.  °2 
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TABLE  5 


Summary  of  Conroe  et  al.  (1945)  Study 


1*1 

sosure 

Number  of 
Sublects 

Mean  Change  in  VC  (tSD) 
(ml) 

%  Developing 
Symptoms 

A 

1001  o2* 

34 

-254 

(+405) 

82 

B 

75%  02 

9 

-274 

(+186) 

55 

C 

50%  02 

10 

-244 

(+182) 

0 

D 

1  min  air/3  h  02 

7 

-185 

(*169) 

86 

E 

5  min  air/3  h  02 

7 

-287 

(±167) 

100 

F 

15  min  air/3  h  0 

2  7 

-104 

(+184) 

86 

G 

Air 

10 

+  210 

(+380) 

0 

H 

100%  02,  PB-380 

6 

-97 

(+188) 

0 

*A11  exposures  lasted  24  h. 
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TABLE  6 


Buun  Vital  Capacity  Reaponee  to  Lev  and  Moderate  Fq 


2 


Expo eurae 


P°2 

FB 

Tlae 

X  VC  (by  fnbj. 

Vo.) 

(ATA) 

(ATA) 

M 

1 

2 

3 

4 

5 

6 

Ufiraiu 

0.32 

0.34 

336 

-2.9 

-2.5 

0.3 

-6.5 

m 

Morgan  at  al..  If6)a 

0.23 

0.25 

408 

-13.7 

-2.0 

-5.8 

-7.4 

•3.7 

•12.3 

Morgan  at  al..  1963b 

408 

-12.7 

-3.5 

0.23 

0.24 

24 

-3.4 

m 

m 

- 

m 

m 

Morgan  at  al.»  1961 

- 

- 

48 

- 

-7.0 

m 

m 

m 

m 

m 

— 

- 

120 

- 

-13.0 

m 

- 

m 

m 

m 

m 

192 

- 

-10.0 

m 

- 

m 

m 

m 

- 

- 

276 

- 

-11.0 

m 

- 

m 

m 

m 

- 

- 

336 

- 

-10.0 

m 

- 

m 

m 

m 

- 

. 

384 

-1.0 

-10.0 

m 

m 

m 

m 

m 

0.3 

0.3 

336 

0.6 

6.1 

1.5 

- 

m 

m 

Dubola  at  al.»  1963 

0.55 

0.67 

24 

-3.3 

-22.0 

-3.0 

3.7 

-2.4 

Mlehel  at  al.i  1960 

•• 

- 

48 

0 

-13.9 

0 

6.7 

5.8 

3.9 

m 

— 

- 

72 

-3.1 

-26.2 

2.1 

1.4 

21.0 

13.8 

m 

- 

- 

96 

-10. 1 

-23.9 

4.0 

0.6 

13.3 

16.6 

m 

- 

- 

120 

-1.6 

-18.6 

2.4 

0.5 

10.2 

13.1 

• 

- 

- 

144 

1.7 

-21.0 

4.3 

3.8 

10.7 

14.1 

m 

0.47 

2.4 

72 

0 

0 

-10.3 

« 

m 

M 

Flfa  at  al.,  1973 

- 

m 

96 

0 

2.5 

-10.3 

- 

m 

m 

• 

- 

- 

120 

2.2 

-2.5 

-3.0 

- 

m 

m 

m 

- 

- 

144 

2.2 

-2.5 

-3.0 

m 

m 

m 

m 

0.21 

2.2 

120 

-3.3 

5.5 

1.9 

-3.4 

m 

m 

Fftahar  at  al..  1970 

- 

- 

288 

-4.1 

-0.2 

4.8 

-1.5 

m 

w 

m 

- 

- 

456 

-1.2 

0.5 

2.9 

-0.9 

m 

m 

m 

«■> 

- 

624 

-5.3 

2.1 

4.3 

-1.1 

m 

m 

m 

- 

m 

792 

-5.9 

4.7 

3.2 

-3.0 

m 

m 

m 

- 

- 

960 

-1.7 

4.2 

3,5 

-1.7 

m 

m 

m 

- 

- 

1128 

-3,1 

7.0 

7,4 

0.4 

m 

m 

m 

- 

- 

1296 

-0.2 

3.2 

7.7 

0.3 

m 

m 

m 

0.5 

2.5 

720 

♦  3.1 

♦0.3 

m 

m 

m 

m 

Dnugharty  at  al,«  1971 

0.58 

2.8 

624 

♦5.9 

♦9.3 

- 

m 

m 

m 

Dougherty  at  al,«  1978 

0.5 

2.5 

168 

-3.4 

♦  5.9 

*5,7 

• 

m 

m 

Dougherty  at  al , ,  1971 

0  33 

0.33 

720 

<n«4) 

- 

at 

m 

at 

m 

Robarteon  at  al , •  1964 

0.33 

0.92 

720 

(n»4) 

m 

m 

m 

m 

m 

Robertean  ar  aS , •  1964 

0.42 

2.0 

24 

(n-12)  - 

m 

m 

a* 

aa 

Dougherty  at  a) , ,  I960 

0.48 

2.5 

168 

(n-3) 

- 

- 

m 

m> 

m 

Wtdell  at  al . ,  1973 

0.21 

4.0 

336 

(t»«6) 

- 

- 

m 

m 

m 

Wright  at  al..  1973 

0.3- 

31- 

552- 

m 

m 

m 

l,aaelre  at  al . .  1973 

0.6 

61.6 

744 

0-50 

45.7 

264 

(o»8, 

5X  dacraeae) 

- 

m 

m 

Myaclnthe  at  a) , •  1991 

0.40 

45.7 

188 

(n-4) 

- 

- 

m 

m 

BrouMolla.  1987 

(Ha  rift  it  al.  (Iff))  gift  at  MHMUM  »f  ehang#  trim  thm  tint  vital 
capacity  Mawnl  at  gagth  aa  1mm  |ai  IfMiMtji  mmmI  at  inagfatt 

gaertaaa.  Fran  thia  aailettien  vf  angarlaeM*.  rA  nnyonuran  ranging  fr 9m 

°7 

A. 21  ta  0.4)  ATA  preguaag  lltlla  auHJaciiva  eviganca  rf  tnalvlty.  laaa  gain 


uyen  inayiratian 


iftar  Mm  4aya  In  Ota  Maryan#  *i  al  (Ifll) 


•tody.  tout  tMa  My  Hava  Haan  dua  ta  tHa  dry  caa  anvlr/owant ,  ViaHar  at  al. 
(If 70)  elalMf  that  tha  1mm  §aa  anvirrwHMnt  My  Hava  lad  tt-  ntrtngthaning  af 
vantilatary  auatlaa  ml  a  auhaaguaal  1  naraaaa  in  VC#  Hut  v«  Hal lava  tha  fata 
ill  nit  at tangly  tuyyart  thla  Idaa,  9uHj«m  taytaad  to  a  ¥()  af  0.1)  ATA 

7 

(MHHal,  Ungavia#  an!  Oall#  IffO)  aiyatlauiau  auHntarnal  tlgHtnaaa  Haginning 
an  tha  aacand  fay.  TMa  a  tody  ahawad  an  anntauHia  aaauni  of  varlahlllty#  an! 
(He  14. a  an!  211  Incraaaaa  la  tve  auHJam*  vilel  uayat-liy  «uggaat  (Hat  thaaa 
auhjaata  My  nat  Hava  Haan  val)  tri Inad  in  thla  Mnauvar.  Ma  analudag  thaaa 
Ou  fraa  tha  final  analyata. 

navaral  af  tha  antrlaa  In  Tafia  a  (feahattaan  at  al.«  tf!4|  haughariy  an) 

f.ha«r«Ff  19M|  tfidall  at  «S.,  197 Ji  Urigt.i  at  al..  197)).  include  na 

individual  valuta  ar  any  indication  af  individual  ar  gravy  variability,  Tha 

Man  valuta  rayariad  all  ayya«rag  atahla#  althaugh  thaaa  vata  nat  uaaful  far 

our  analyata.  UMlrt'a  (1971)  yayar  nuaMriaad  tha  raaulta  af  tin  aaturatian 

4lvaa  atnduatad  at  hartMirla  graaauraa  raitgtng  fraa  JO-41  ATA#  vh#M  f0  vaa 

fceyt  hatvaan  0.)  an4  0.41  ATA  at  4aylH  and  at  0.4  4urtng  4aaoaf raaatan.  Ma 

•  t-yortad  (Hat  flva  af  17  euHjeata  Ha4  "dfrrMaad"  vita)  aayaalty,  Hut  na 

aiatiatlaa  vara  grnvi4a4.  gyaeiniHa,  at  at  (1911)  reynrted  that  VC 

drrraaaad  tt  |n  alght  auHjatta  aayuaad  in  a  4,,  *  0,1  ATA  aftar  an  II  4ay 

1 f 

•atorat l«n  al  41.7  ATA .  grtunatla'a  (I4il)  final  rayari  an  (Ha  Knttn  4lvaa 

(17  daya  aaturatian  at  41,7  ATA,  7h  •  0,4  ATA)  eHnvad  nn  datraaonl  in  VC 

°7 

Imadiataly  aftar  tha  4lva  ant  a  H  derraMM  aftar  41  H.  THa  third  9MAD  4lva 
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study  sited  by  Dougherty  st  el,  (1978)  included  daily  8  h  vxcurslona  to  100 

fsv  os  air.  Air  st  100  fsv  rssults  is  s  ?n  of  *64  ATA  sad  yst  chsss  authors 

°2 

reported  that  Tn  rssehsd  a  maximum  of  1.79  ATA.  Thay  did  aot  explain  this 
°2 

discrepancy.  Oas  subject  was  traatad  for  decompression  slcknaaa  (1.8S  ATA  02 

for  60  sis)  aftar  vhioh  his  vital  capacity  dropped  abruptly  by  28X. 

Qualitatively,  vital  capacity  changes  appear  to  ba  ao  extremely  variable 

response  among  individuals.  During  Oj  exposure,  vital  capacity  can  remain 

usohangsd,  change  gradually  and  steadily,  or  drop  suddenly  (rigs.  1-6).  The 

rssults  in  Table  6  do  not  land  thoasslvss  to  an  lnaadlata  conclusion  about 

what  the  typically  sals  F„  exposure  is.  Chest  pain  la  a  characteristic 

°2 

complaint  resulting  from  02  exposure,  and  this  raises  the  question  whether 
changes  in  VC  rsprsssnt  a  change  in  effort  sore  than  an  underlying  pulmonary 
disease  process.  In  studies  where  VC  decreased  with  0^  exposure,  anecdotal 
evidence  was  provided  that  the  change  in  vital  capacity  did  not  correlate  with 
subjective  symptome  and,  furthermore,  that  during  recovery  functional  changes 
outlasted  eyaptoas. 

The  reproducibility  of  the  vital  capacity  aeaauraaents  la  usually 
considered  to  bs  in  the  range  of  approximately  200  ml  or  to  have  a  standard 
deviation  that  is  approximately  7.3X  of  the  VC  (Hahn,  Fenn,  and  Otis,  1949; 
Dougherty  st  al.,  )476),  Clark  and  Lambertian  (1971a)  clalaed  a  pooled  95X 
confidence  interval  of  60  al  which  was  unususlly  snail,  although  how  this 
calculation  was  made  was  not  specified.  Ecksnhoff'e  control  studies 
(Fig.  7)  shoved  the  variation  obtained  in  normal  men  exposed  t.  .  P.  o< 


0.)  ATA,  while  thay  performed  multlpl*  VC  maneuvers  over  long  exposures. 
Although  there  was  no  doubt  that  these  data  showed  a  different  trend  than 
those  obtained  In  the  experimental  group  (Figs.  5  and  6),  there  probably  was  a 
snail  (l*?X)  dacraaant,  even  with  axpoaura  to  only  a  slightly  elevated  P.  . 
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If  one  accepts  that  the  decrement  in  VC  represents  more  than  fatigue, 
there  remains  disagreement  about  whether  atelectasis  or  some  direct  lung 
tissue  damage  is  the  mechanism  responsible.  Burger  and  Mead  (1969)  presented 
fairly  convincing  evidence  for  atelectasis.  They  shoved  that  3  h  of  0.39, 

0.5,  1.0,  or  2.0  ATA  of  100%  02  altered  the  pressure-volume  characteristics  of 
the  mens’  lungs  such  that  at  high  lung  volumes  a  smaller  pleural  pressure 
developed  on  the  first  pressure-volume  maneuver,  but  this  appearance  of 
reduced  compliance  was  quickly  reversible  on  subsequent  efforts,  This  change 
in  lung  mechanical  property  was  documented  as  uncorrelated  with  chest  pain. 

The  subjects  were  encouraged  not  to  sigh  or  breath  deeply,  and  the 
Investigators  found  that  the  apparent  decrease  in  compliance  was  quickly 
reversible  with  subsequent  full  lung  inflstion.  Eckenhoff's  new  data  offer 
conflicting  evidence.  His  subjects  had  nearly  4  ATA  of  N2  diluent  to  breathe, 
so  absorptional  atelectasis  should  have  been  minimized.  These  subjects  had 
significant  decrements  in  VC  (Figs.  5,  6). 

Evidence  for  Tolerance  to  02  Exposure 

A  final  application  of  the  vital  capacity  index  is  the  detection  of  the 
development  of  tolerance  to  02  exposure.  Several  studies  have  shown  that  a 
degree  of  tolerance  is  acquired  when  exposure  to  02  is  intermittent.  That  is, 
an  animal  will  tolerate  more  total  time  in  C>2  when  exposure  is  not  continuous 
but  interrupted  by  periods  of  exposure  to  air  or  N2~02  mixtures.  Wright  et 
al.  (1966)  used  powerful  statistical  techniques  to  show  that  4  h  of  air  per 
day  was  the  shortest  interruption  able  to  prolong  survival  in  mice  exposed  to 
100%  02  at  1  ATA.  In  a  master's  thesis,  Hall  (1967)  tested  a  series  of 
interraittency  schedules  with  shorter  time  periods  (<  1  h)  on  groups  of  guinea 
pigs  breathing  02  at  3  ATA.  On  the  basis  of  the  time  it  took  50%  of  the 
animals  (ED50)  to  develop  several  symptoms,  he  proposed  that  20  min  of  0? 


followed  by  5  nlo  of  7Z  t>2  in  Nj  (this  resulted  In  e  normoxic  P^  at  3  ATA) 
wee  the  nott  efficient  schedule. 

Vlddell  et  el.  (1974)  tested  three  Intermlttancy  schedules  on 
professional  divers  who  breathed  0.  at  2  ATA.  The  experiment •  were  terminated 
at  the  subject's  discretion;  the  results  are  summarised  In  Table  7.  In  this 
study  VC  did  not  decrease  In  the  three  subjects  who  were  exposed  to  continuous 
Oj*  The  men  who  received  Intermittent  exposures  of  air  tolerated  longer  mean 
Oj  exposures  with  fewer  symptoms.  These  subjects  had  larger  mean  decrements 
In  VC  but  Table  7  shows  that  they  chose  to  tolerate  more  tlste  In  02<  As  is 
often  the  case  with  human  studies*  the  number  of  subjects  was  small  and  the 
variability  of  results  so  large  that  conclusions  must  be  considered  tentative 
at  best.  These  authors  concluded  that  the  23  min  02/5  min  air  schedule  was 
most  effective. 

Hendricks  et  al.  (1977)  conducted  an  Intermlttency  study  designed  to 
complement  Clark  and  Lambertsen's  (1971a)  2  ATA  continuous  (>2  experiment. 

Five  experimental  subjects  and  one  control  subject  breathed  20  min  of  O2 
followed  by  5  min  of  normoxic  Nj-Oj  (Pq  •  160  torr)  at  2  ATA  until  VC 
decreased  by  10Z  or  symptoma  became  severe.  This  experiment  was  also 
Influenced  by  the  design  of  Hall's  (1967)  thesis*  which  utilised  this  normoxic 
mixture  during  the  O2  breaks.  (The  design  was  different  from  that  currently 
utilized  by  the  U.S.  Navy  for  recompression  treatments  because  compressed  sir 
is  the  breathing  gas,  not  7Z  02  In  N2>)  The  results  of  the  Hendricks  et  al. 
(1977)  study  are  provided  in  Table  8  and  Fig.  8.  These  5  subjects  sasmed  to 
tolerate  longer  02  exposures  (Fig.  8A)  than  did  subjects  exposed  to  continuous 
02  (Fig.  3)  before  developing  significant  changes  In  VC.  These  subjects 
developed  symptoms  of  02  toxicity  1  to  2  h  before  changes  in  VC  were  detected, 
and  the  decrease  in  VC  was  said  to  continue  for  4  h  after  termination  of  the 
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TABLE  7 


Btmtry  of  Vldall  «t  al.  (1974)  Intaraittaney  Study* 


Continuous  25 
°2  5 

■in  OJ 
•In  air 

20  ain  0 J 

20  ain  air 

10  Bin  0 J 

20  Bin  air 

#  Subject* 

3 

5 

8 

3 

Oj  Tima  tolerated 

5.* 

6.2 

6.9 

5.1 

Oj  TIm  to  flrot  syaptoaa  2.6 

4.3 

3.9 

3.3 

Total  t  1m  tolarattd 

6.0 

9.8 

13.8 

13.4 

X  VC  chant*  (t  8D) 

-1.33  (1.79) 

-2.64 

(1.3)  -7.3  (2.97) 

-1.17  (0.38) 

*  Tlaa*  ara  all  «*an 

raaponasa  in  hours. 
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TABLE  8 


Hendrick*  *t  *1.  (1977)  Data  on  Percent  Cheng*  in  Vital  Capacity  in 
Tire  Subject*  Kxpoaed  to  Intermittent  02  fxpoeure*  at  2  AT A. 


0.  Tine  Subject 


A)— 

1 

2 

3 

4 

5 

6t 

1 

1.5* 

.8 

.6 

-2.0 

0.6 

♦  1.0 

3 

2.0 

-1.0 

-1.3 

-i.o 

0.0 

♦1.2 

3 

3.5 

1.0 

o 

• 

N 

1 

1.0 

0.0 

♦  1.8 

7 

3.0 

0.0 

-2.0 

0.0 

-2.0 

♦  .5 

9 

2.0 

-1.0 

1.0 

-1.0 

-3.0 

♦  .8 

11 

0.0 

-3.0 

-7 

-2.0 

-2.0 

♦1.2 

13 

>3.0 

-9.0 

-3.0 

-6.0 

♦  1.2 

14 

-3.0 

-10.0 

15 _ 

-vo _ 

-11.0 

13  >7.0  -11,0 

*  Intermittent  expoaura  equal*  20  min  0,/S  sin  7X  0_. 
t  Subject  vae  a  control  who  continually ‘breathed  7X*02> 
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SCAL  UHC  <h> 


Pig.  8.  Effect  of  exposure  to  intermittent  0.  expoeure  at  2  ATA  on  human 
vital  capacity  at  reported  by  Hendricks  et  alf  (1977).  Four  subjects  were 
exposed  to  20  min  of  100X  0,  folloved  by  5  min  of  7X  0,  in  N-.  Data  are 
expressed  as  X  change  from  the  control  value.  Each  line  represents  the  time 
courae  for  an  individual  subject.  Panel  A  shows  vital  capacity  as  a  function 
of  time  spent  in  0,  while  panel  B  shows  vital  capacity  as  a  function  of  the 
actual  time  of  exposure. 
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Oj.  Symptoms  persisted  (or  even  worsened)  for  only  2-4  h  post  exposure  end 
recovery  was  usually  complete  In  24  h. 


Moselhl,  Abdallah,  and  Azab  (1980)  compared  pulmonary  function  In  47 

control  subjects  with  that  of  65  divers  who  had  dived  with  100X  0?  to  1  to  2 

atm  for  90  min  twice  a  week  over  a  range  of  two  to  10  years.  Ho  difference  In 

mean  values  of  lung  volumes,  flows,  or  diffusing  capeclty  In  ventilation  with 

exercise  could  be  detected. 

Evaluation  of  the  UPTD  Concept:  Background 

Clark  and  Lambert sen  (1970)  proposed  that  the  relationship  between 

inspired  Pn  and  duration  of  exposure  required  to  produce  toxic  effects  Is  In 
°2 

the  general  form  of  a  rectangular  hyperbola:  at  high  P_  s  a  short  exposure 

°2 

will  produce  an  effect,  while  at  low  P_  s  a  longer  time  Is  required  to 

°2 

produce  an  effect.  A  rectangular. hyperbola  has  the  mathematical  form: 


xy  -  constant 


[1] 


In  the  physiological  case,  only  the  positive  values  ere  relevant,  focusing 
attention  on  the  upper  right  hand  quandrant.  The  most  general  form  of  the 
rectangular  hyperbola  allows  the  curve  to  have  asymptotes  other  than  0,0. 


(x-a)(y-b)  -  constant 


12) 
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For  pulmonary  0^  toxicity,  the  axes  would  be: 

(Time  -  a) (Pn  -  b)  ■  constant  [3] 

°2 

This  equation  describes  the  collection  of  all  combinations  of  exposure  times 

and  P.  s  resulting  in  the  same  toxicity.  Clark  and  Lambertsen  (1970)  chose 
U2 

the  time  asymptote,  a,  to  be  0,  reasoning  that  at  an  infinitely  high  P_  , 

2 

a  vanishingly  small  amount  of  time  would  be  required  to  produce  damage.  They 

chose  the  P  asymptote  (b)  to  be  0.5  ATA  by  deduction  from  the  literature  we 
°2 

reviewed  above.  Because  Clark  was  carrying  out  a  graphical  analysis,  a  linear 
transformation  was  convenient.  Using  his  asymptotes  and  taking  logarithms 
resulted  in  the  equation: 


log 


(P02  * 


(t) 


-1 


■  log (constant) 


[4] 


Clarks' 8  graphical  analytical  technique  resulted  in  figures  showing  parallel 

lsopleths,  each  one  representing  the  combinations  of  time  and  P  exposures 

°2 

required  to  produce  a  given  decrement  in  vital  capacity.  Both  the  linear  and 

the  log  transforms  are  shown  in  Fig.  9.  These  are  well  known  figures  and 

first  appeared  in  Clark  and  Lambertsen' s  (1970)  thesis.  These  curves  were 

derived  by  plotting  the  median  response  time  for  a  given  VC  change  in  the 

three  studies  carried  out  at  Pn  s  of  0.83,  0.98,  and  2.0  ATA,  with  a  total  of 

2 

23  subjects  (Ohlsson,  1947;  Caldwell  et  al.,  1966;  Clark  and  Lambertsen, 

1970).  Because  of  this  logarithmic  transformation,  it  was  necessary  for  Clark 
and  Lambertsen  (1970)  to  censor  some  data  collected  early  in  the  exposures 
(Logarithms  cannot  be  taken  of  zero  and  negative  numbers) .  Fluctuations 
within  the  95%  confidence  interval  of  the  control  measurement  were  assigned 
the  value  of  0  and  not  used  in  the  analysis.  Clark  and  Lambersten  (1970)  also 
Imposed  a  threshold  on  the  Caldwell  et  al.  (1966)  data  set  by  assuming  there 
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Fig.  9a.  Clark's  pulmonary  oxygan  toleranca  curves  lo  normal  man  based  on 
vital  capacity  changes  in  the  median  subject.  Each  isopleth  shove  the 
combinations  of  P_  and  time  of  exposure  required  to  produce  a  given  decrement 
in  vital  capacityY2 


SYMBOL  &VC 

• 

«  -*% 
A  -»x 
s  -n 
*  -lot 

o  -IS% 
0  -io\ 


2  4  6  ft  10  20  40  60  to  no 

DURATION  Of  OXYGEN  BREATHING  fhevn) 


Fig.  9b.  Clark's  pulmonary  oxygen  tolerance  curves  in  normal  men  based  on 
vital  capacity  changes  in  the  median  subject.  This  is  a  log-log  transform  of 
Fig.  9a. 


was  no  change  for  the  first  5  h  of  exposure.  Clark  proposed  that  the 


cumulative  pulmonary  toxicity  of  any  combination  of  0^  exposures  could  be 

calculated  from  these  graphs  by  determining  the  decrement  from  anv  P  and 

°2 

time  exposure  combination  by  moving  horizontally  for  the  duration  of  the 

exposure  at  a  constant  P*  and  up  and  down  along  the  isopleths  as  P  is 

2  °2 

changed . 

Bardin  and  Lambertsen  (1970)  and  Wright  (1972)  showed  how  this  same 
process  could  be  achieved  numerically  (rather  than  graphically  ,  and  they 
introduced  the  UPTD  idea.  Because  they  wished  to  weight  more  heavily  the  2 
ATA  data,  they  felt  that  the  slope  of  the  log-log  plot  shown  in  Fig.  10b  was 
closer  to  -1.2  than  -1.0.  They  therefore  modified  Eqn.  3  to  include  the 


exponent  m  in  the  denominator 


(po2  -  -5> 


-  log(b) 


where  b  was  a  constant  and  m  was  estimated  as  -1.2.  Taking  the  antilog  of 
both  sides,  the  equation  became: 


Pn  -  .5  -  b(t)1 
u2 


where  P  is  given  in  atmospheres,  t  is  time  in  minutes,  and  m  is  -1.2.  The 

°2 

constant,  b,  represents  some  constant  level  of  toxicity  -  a  given  percentage 

decrement  in  VC.  Isopleths  that  show  increments  in  toxicity  are  parallel 

(Fig.  9b)  because  m  is  constant,  The  expected  decrement  in  vital  capacity 

after  any  time  at  any  P  can  be  calculated  in  terms  of  an  equivalent  dose. 

°2 

This  dose  represents  the  time  that  would  have  been  required  if  the  exposure 

had  been  to  0_  at  1  ATA.  1 

2  /  \  ~  t-t: 


pulmonary  toxicity  dose  -  t  •  V  P  — .  5 

V  U2 


L 
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where  t  is  time  in  minutes.  If  Pn  is  1  ATA,  the  UPTD  is  just  the  time  of 

°2 

exposure.  If  P_  is  some  other  value ,  the  UPTD  indicates  the  time  at  I  ATA 
°2 

which  would  have  yielded  an  equivalent  toxicity.  Equivalent  times  at 


different  P.  exposures  may  then  be  summed  to  calculate  the  total  equivalent 
°2 

exposure.  The  defined  UPTD  relates  to  a  decrease  in  VC  as  shown  lu  Table  9. 


The  UPTD  definitions  were  derived  from  Fig.  9b,  which  shows  for  exsmple  that 
after  10.25  h  (615  min)  of  0^  at  1  ATA  there  is  a  21  decrease  in  VC. 


METHOD 

Instead  of  the  serial  graphical  process  used  by  Clark  and  Lambertsen 
(1970)  we  did  a  coordinated  (computer)  analysis  that  allowed  us  to  explicitly 


test  certain  features  of  the  hyperbolic  relationship  (Eqn.  6)  (the  exponent, 

m,  and  the  asymptotes  for  time  and  P  ) ,  and  to  evaluate  the  contribution  of 

°2 

individual  variability.  The  latter  effect  was  not  addressed  in  the  original 


model  as  only  the  median  individual  response  was  graphed.  We  did  a  nonlinear 


least  squares  analysis,  fitting  the  data  (subject,  Z  change  in  VC,  P.  , 

°2 

and  time  of  exposure)  to  the  equation. 


Z  AVC  -  B(s)  (Pn  -  B(l) ) [ (t  -  B(2))]B(3)  [8] 

U2 

This  equation  is  a  more  general  form  of  Eqn.  6.  B(l)  is  the  Pn  asymptote  (in 

u2 

ATA)  which  Clark  set  at  0.5  ATA;  t  is  time  in  minutes;  B(2)  is  the  time 
asymptote  which  Clark  set  to  0;  B(3)  is  the  exponent  m,  which  Bardin  and 
Lambertsen  (1970)  proposed  was  1.2;  and  B(s)  is  a  slope  parameter,  which  can 
be  different  for  every  subject. 

This  model  did  not  assume  a  linear  effect:  if  the  exponent  B(3)  >  1.0, 
the  relationship  between  AVC  and  time  at  any  given  Pn  will  curve  downward,  as 
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TABLE  9 


Unit  Pulmonary  Toxicity  Dose  Definition 


UPTD 

Median  X  VC  1 

615 

-2 

825 

-4 

1035 

-6 

1230 

-8 

1425 

-10 

1815 

-15 

2190 

-20 
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•hovn  in  Fig.  10.  Varying  1(a)  l tom  k«lw  0  to  Ur|<r  Mfitln  auabara  will 
lncraaaa  tha  alopa  or  tha  ehanga  In  VC  vltb  tiaa.  luffing  till  Pp  aaytptota 
(B(l))  will  also  lead  to  a  pradletlon  of  a  largor  fairaam  la  VC  aftav  any 
tin*  ac  a  (Ivan  alavatlon  In  Fp  . 

Tbla  nonllnaar  fitting  tachnlgua  la  attaatly  ana la gay a  to  Unaar 
ragraaalon,  hot  baeauaa  It  say  appa ar  Mta  aaapllaatad,  a  abaft  daaarlplloa 
•ay  ba  vorttwhlli.  An  aduaatad  guana  la  Mda  fat  atarilag  paraaatara  1(1) • 
B<2> •  and  1(3)  (for  oRaaploi  0.S,  0,  -1,1)  aa  vail  aa  far  9(a),  With  tbla  aat 
of  »'a»  for  ovary  combination  of  aubjoatt  tint  of  «*poavraf  aad  F@  ,  an 
aatlMtod  X  AVC  la  aalculatad  aad  aoaparad  with  tba  actual  (Maaurad)  I  AW, 
Thla  dlffaranea  (aatlaatad  -  Manured)  la  aguar ad  aad  ouMid  ovar  all  data 
pointa.  Thua,  a  aua  of  aguarad  arvara  (III)  la  tfpMtad,  Tba  paraaatara 
(B'a)  ara  than  altarad  allghtly  by  tha  aaoputar,  oatlMtad  I  AVC  la 
raealoulatad,  and  tha  III  la  raaalaulaiad,  Tbla  praaaaa  la  rapaaiad  uakll  «ba 
611  la  •lnlalaad.  Xa  thla  modal,  Whan  tba  Fp  ta  which  tha  oubj#*i  vat 
axpoaad  van  laaa  than  tha  t(l)  (FQ  aayvptota)  balng  tatted,  any  abanga  In  VC 
vaa  oonaldarad  arror.  Tha  coemption  vaa  that  anpeeura  ta  a  Fp  below  tba 
"eafa"  Fft  ahould  hava  produaad  na  daaroMnl  In  VC,  Ta  aaba  atallallaal 
oooparlaoni  about  atyaptotea  and  eipanont,  paraaatara  ara  flaad  (at  valuaa 
rapraaantlng  a  null  hypothaala  to  ba  taatad)  and  a  nav  III  la  aalaulatad.  An 
F  taat  la  parforaod  to  dataralna  vblih  paraaatara  provldad  tha  battar  fit  (or 
to  avaluata  tha  null  bypathaala). 

Tha  daacrlbad  analyala  vaa  aarriad  out  an  tha  data  atMMrlHd  In  Tabla 


10.  Original  data  vara  firat  ra-aapraaaad  aa  paraant  of  abanga  froo  tha 
control  valua,  Whan  oontiol  valuaa  vara  Maaurad  tavaral  tlao«<  all 
pra-anparlnantal  valuaa  vara  avaragad.  Data  Iron  tha  firat  10  h  (vhlah 


TX*  (h) 


fl|i  tO,  Kfftttl  of  aaponant  on  the  ahapa  of  tha  pradlctad  changa  li*  vital 
capacity  aa  a  function  of  tt«a,  Whan  tha  aaponant  la  »  1,0  fdaahad  llna)  tha 
raapnnaa  rurva  banda  downward  Indicating  alow  changaa  Initially  followed  by 
Initaaalngty  rapid  changaa. 
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•hcnro  In  Fig.  10.  Varying  B(a)  fro*  balov  0  Co  larger  oagaelva  numbers  will 

loeraaaa  the  elope  or  tha  ehanga  In  VC  with  tlaa.  Lowering  tha  Pn  asymptote 

°2 

(1(1))  will  alao  land  to  a  prediction  of  a  larger  decrement  in  VC  after  any 


tlaa  at  a  given  alavatlou  In  Pn 

Wa 


Thla  nonlinear  fitting  technique  la  exactly  analagoue  to  linear 

ragraoBloo,  but  bacauaa  It  aay  appear  aore  coapllcatad,  a  ahort  daacrlptlon 

aay  be  worthwhile.  An  «  cad  guaaa  la  aada  for  atartlng  paraaatare  B(l), 

B(2),  and  B(3)  (for  example,  0.5,  0,  >1.2)  aa  wall  ae  for  B(a).  With  thla  aet 

of  B'a,  for  ovary  combination  of  subject,  tlaa  of  axpoeura,  and  PA  ,  an 

u2 

aatlaatad  X  AVC  la  calculated  and  coopered  with  tha  actual  (aaaaurad)  X  AVC. 
Thla  difference  (aatlaatad  -  aaaaurad)  la  squared  and  auaaad  over  all  data 
polnta.  Thua,  a  aua  of  aquarad  arrora  (BSC)  la  coaputad.  Tha  paraaatara 
(B'a)  are  than  altered  allghtly  by  tha  coaputer,  aatlaatad  X  AVC  la 
recalculated,  and  tha  S8E  la  recalculated.  Thla  proceaa  la  repeated  until  the 


III  la  alnlaltad.  In  thla  nodal,  whan  tha  P.  to  which  tha  aubjact  waa 

°2 

axpoaad  waa  laaa  than  tha  B(l)  (Pn  aaynptota)  being  taatad,  any  change  In  VC 

°2 

waa  conaldarad  error.  Tha  assumption  waa  that  axpoaura  to  a  PQ  below  the 

"aafa"  Pn  ehould  have  produced  no  daeranant  in  VC.  To  naka  atatlatlcal 
°2 

conparlaona  about  aeyoptotaa  and  axponant,  paraaatara  are  fixed  (at  values 
representing  a  null  hypothesis  to  be  tested)  and  a  new  SIC  Is  calculated.  An 
F  teat  la  performed  to  determine  which  parameters  provided  the  battar  fit  (or 


to  evaluate  tha  null  hypothesis). 


The  deecrlbed  analysis  was  carried  out  on  tha  data  summarized  in  Table 


10.  Original  data  were  first  re>expressad  as  percent  of  change  from  the 
control  value.  When  control  values  ware  measured  several  times,  all 
pre>axperlmental  values  ware  averaged.  Data  from  the  first  60  h  (which 


X  VC  -  B<$3**CP02-B1  )»CTIME-B25»*»B3 

EXPONENT  <B3>  -  t 
EXPONENT  <B3>  •  \ . 5 
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Hg.  10.  Effect  of  exponent  on  the  shape  of  the  predicted  change  In  vital 
capacity  as  a  function  of  time.  When  the  exponent  is  >  1 .0  (dashed  line)  the 
response  curve  bends  downward  Indicating  slow  changes  initially  followed  by 
Increasingly  rapid  changes. 


TABLE  10 


Sumary  of  data  used  for  analysis 


Number 

Subjects 

Number 

Data 

Reference 

2.0 

13 

73 

Clark  and  Lambartsen, 

1.05 

12* 

96 

Eckenhoff,  1984 

0.96 

4 

18 

Caldwell,  at  al.,  1966 

0.83 

6 

66 

Ohlason,  1947 

0.47 

3 

12 

Fife,  at  al.,  1973 

0.3 

6+ 

55 

Eckenhoff,  1984 

0.28 

2 

18 

Ohlason,  1947 

0.23 

2 

8 

Morgan,  at  al.,  1961 

0.21 

4 

32 

Fisher,  at  al. ,  1970 

0.32 

4  4 

4 

Morgan,  at  al.,  1963a 

0.3 

3* 

3 

Dubois,  at  al.,  1963 

0.23 

8  $ 

8 

Morgan,  at  al.,  1963b 

*  Each  of  those  subjects  was  exposed  to  0.3  ATA  of  0,  for  12  h 

prior  to  the  1.05  ATA  exposure.  Three  VC  measurements  were  obtained 
during  this  time  and  these  data  were  also  utilised  (No.  data  •  47). 
t  One  subject  was  used  as  an  experimental  and  a  control. 

$  These  data  were  measurements  taken  before  and  aftar  exposures  and 
were  therefore  not  used  In  the  model  where  a  separate  B(s)  was 
estimated  for  each  subject. 
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included  12  h  at  0.3  ATA  and  48  h  at  1.05  ATA  in  the  experimental  group)  of 

the  Eckenhoff  experiments  vara  included  in  the  analysis.  Aa  mentioned  in  the 

Background  Section,  we  omitted  the  Michel,  at  al..  (I960)  study  becauee  of  ite 

large  variability  and  thoee  atudiae  which  did  not  provide  individual  data. 

Our  final  data  eat  had  440  meaeuramenta  of  XAVC  on  66  subjects  with  P_  e  from 

2 

0.21  to  2.0  ATA  and  axpoaure  tinea  from  1.8  to  1296.0  h.  There  were  aerial 
vital  capacity  measurement*  on  31  subjects  (42S  data  points).  All  results 
will  be  expressed  as  (t8E)  and  a  p  <  0,05  was  considered  significant. 


RESULTS 

Individual  Variation 

We  began  by  pooling  all  of  the  data  and  fixed  the  asymptotes  for 

u2 

(8(1))  at  0.5.  time  (8(2))  at  0.  and  assigned  the  exponent  the  value  1.2  as 
Bardin  and  Lambertsen  (1971)  did.  A  much  better  fit  was  obtained  if  a 
separate  8(e)  was  permitted  for  each  subject  than  if  one  slope  (the  average  or 
pooled  slope)  was  used  for  all  subjects  <*49^99  "  9‘6*  *  *  0.001).  Whsn  one 
slope  was  selected  to  represent  all  subjects,  B(s)  ■  -0.006}  whsn  individual 
•lopes  were  calculated,  B(s)  ranged  from  -0.029  to  -0.0008  (Xh“l  A?A~*),  We 
will  comment  more  about  the  range  of  B(s)  liter. 

With  the  pooled  slope,  the  fit  of  the  modal  had  a  residual  standard 
deviation  of  6X|  whan  individual  slopes  wsr*  permitted,  the  modal  fit  the  date 
with  a  standard  deviation  of  3.7X,  a  decrease  of  35X.  Inclusion  of  individual 
•lopes  decreased  the  SIE  from  15,000  to  6,800,  s  decrees*  of  more  than  50X. 
These  results  showed  quantitatively  what  was  obvious  qualitatively  by 
examination  of  Figs.  1-3,  5,  and  6,  l.e.,  the  tremendous  amount  of  individual 
variability  in  this  response.  Some  subjects  maintained  VC  nearly  unchanged 
throughout  0^  exposures,  while  others  experienced  rapid  and  dramatic 
decrements  in  VC. 
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Having  detarnlned  that  Individual  a  lope  par aaetare  vara  approprlata,  va 


chan  exanlned  tha  exponent  B(3)  (tha  «  of  tha  UPTD).  With  VA  fixed  at  O.S 

°2 

ATA  and  tha  exponent  activated  freely  fro*  tha  data*  thla  exponent  vaa 
aalaetad  to  ba  1.0008  (*0.07),  which  vaa  not  atatletleally  dlatlngulahabla 
fro*  1.0.  Va  flxad  tha  axponant  at  1.2  (aa  Bardin  and  LaXbartaan  (1970) 
auggaatad)  and  thla  algnlflcantly  voreened  tha  fit  (f^ggg  ■  5.79,  p  <  0.02S). 

Bacauaa  tha  U?TD  la  baaad  on  a  auggaatad  axponant  of  1.2,  va  carrlad  out 
tha  aaaa  ana ly ala  ualng  only  tha  data  fro*  which  tha  U?TD  concept  vac  darlvad 
(Ohlaaon,  1947}  Caldvall  at  al.,  1966}  Clark  and  Laabarteen,  1970),  ahovn  In 
Tahlaa  1-3.  Thla  data  aat  tied  23  aubjecte  and  157  data  polnta.  Aa  va  did  not 
naad  to  work  with  log  tranafonad  data  va  did  not  hava  to  eeneor  VC  data  which 
ahovad  no  change  or  aaall  lncraaaaa.  Wa  vara  alao  able  to  explicitly  teat 
whether  aubjacta  12  and  13  vara  dlatlngulahabla  fro*  tha  raat  of  tha  aubjecte 
and  thua  whether  they  needed  to  ba  excluded.  Aa  whan  all  data  vara  uaad  for 
analyala,  allowing  for  Individual  alopaa  algnlflcantly  Improved  tha  fit 
(?22  134  "  14.46,  p  <  0.01).  An  axponant  (B(3)  or  ■)  of  0.98  (*0.093)  beat 
fit  tha  data.  Thla  value  vaa  not  different  fro*  1.0  but  provided  a 
algnlflcant  laproveaent  over  1.2  (Fj  ^  ■  4.34,  p  <  0.05).  Tha  above  raaulta 
ware  unaffected  by  lnelualon  or  exclualon  of  Clark  and  laflbartaan'a  aubjacta 
12  and  13. 

pA  and  Tl*a  Aay*ptotaa 

J_2 _ 

hart,  va  explicitly  taatad  whether  tha  VC  data  vara  helpful  In 

aatlnatlni  tha  P.  (8(1))  and  tl*a  (8(2))  aaynptotaa  auggaatad  by  tha  *odal  or 
u2 

whether  lnfarancaa  froa  tha  literature  would  continue  to  ba  nacaaaary.  A 
algnlflcant  laprove*ent  in  tha  fit  waa  obtained  whan  B(l)  vaa  flxad  at  valuaa 
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<  0.5  ATA  compared  to  0.5  ATA  (or  even  0.6  or  0.7)  (we  tried  0.4,  0.3,  0.376, 

and  0.2  ATA).  When  B ( 1 )  was  freely  estimated,  a  value  of  B(l)  •  0.376  ATA  was 

chosen.  This  parameter  had  a  large  SE  and  the  precision  of  all  the  slope 

parameters  was  lost,  which  suggested  that  the  data  simply  would  not  support 

selection  of  all  of  the  parameters  shown  in  Eqn.  8.  These  results  do 

not  encourage  raising  the  choice  for  the  Pq  asymptote  above  the  current 

choice  of  0.5  and  even  suggest  lowering  this  value  somewhat.  The  data  do  not 

allow  a  more  precise  recommendation  about  the  "safe"  Pn  because  the  number  of 

2 

useful  points  obtained  at  low  P.  e  is  limited  and  many  of  these  include  only 

U2 

before  and  after  (as  opposed  to  serial)  measurements.  It  is  important  to  note 

that  lowering  the  ?n  asymptote  below  0.5  ATA  produced  less  than  a  1% 

°2 

improvement  in  the  SD  of  the  fit  (and  the  SSE  decreased  by  2.0%,  from  6,766  to 
6,628).  This  contribution  pales  in  comparison  to  the  35%  improvement  obtained 
by  Inclusion  of  individual  slopes  (and  a  50%  decrease  in  the  SSE).  A  time 
asymptote  of  0  as  proposed  by  Clark  and  Lambertsen  (1970)  remair.6  reasonable. 
With  B ( 1 )  fixed  at  0.376  ATA  and  B(3),  the  exponent,  fixed  at  1.000,  the  time 
asymptote  was  chosen  to  be  a  number  less  than  1  h  with  a  standard  error  that 
made  it  indistinguishable  from  0  (0.002  h  l  1.07). 

UPTD  SSF.  Comparison 

Finally,  we  compared  our  model's  SSE  with  the  SSE  obtained  with  the  UPTD. 
We  calculated  the  number  of  UPTDs  for  each  data  point  using  Eqn.  7.  To  relate 
the  UPTD  to  %AVC,  we  fitted  the  7  data  points  In  Table  9  to  two  different 
equations:  one  linear  and  one  sigmoidal  (more  details  of  this  analysis  appear 
in  Appendix  1).  The  predicted  %AVC  was  calculated,  compered  to  the  measured 
and  this  difference  was  summed  and  squared  to  calculate  an  SSE  for  each 
equation.  The  SSE  for  the  linear  and  sigmoid  equations  were  17,820  and 


19,850,  respectively,  each  of  which  is  lsrger  than  the  SSE  of  our  model 


(approximately  15,000  for  the  pooled  B<8)  model,  6,000  for  the  Individual  B(s) 
model) . 


DISCUSSION 

We  reviewed  the  general  model  from  which  the  UPTD  concept  was  derived 
(Bardin  and  Lambertsen,  1970)  and  performed  a  coordinated  quantitative 
analysis  that  permitted  explicit  testing  of  parameters  in  the  model.  We 
utilized  more  data  than  did  the  original  authors  and  included  vital  capacity 
data  accumulated  since  1970.  This  analysis  showed  that  the  single  greatest 
contributor  to  uncertainty  in  this  model  was  the  extreme  variability  in 
individual  response.  The  standard  deviation  of  the  model's  fit  dropped  by 
nearly  one-half  when  individual  slope  parameters  (B(s))were  chosen.  At  this 
time,  there  is  no  way  to  predict  a  given  individual's  slope,  or  even  whether 
an  individual' 8  response  (slope)  will  be  the  same  on  different  occasions. 

With  parameters  which  minimized  the  error  of  the  fit  of  the  model  (B(l)  - 

O. 376  ATA,  B(2)  ■  0,  B(3)  •  1.0)  slopes  (B(s))  ranged  from  +0.0021  to  -0.082, 

Xh  *  ATA  *  in  38  individuals;  the  distribution  of  these  slopes  is  shown  in 

Fig.  11.  Figure  12  emphasizes  the  importance  of  this  individual  variation. 

With  the  P  asymptote  «  0.5  ATA  and  exponent  ■  1.0,  after  20  h  exposure  to  a 
°2 

P.  of  1.0  ATA  the  predicted  decrement  in  VC  varied  from  an  average  value  of 

2 

-5%  to  IX  and  up  to  12X,  depending  on  whether  a  median  slope  was  chosen,  or  a 

slope  belonging  to  the  highest  10%  or  lowest  10%  group  of  resistant 

individuals.  Figure  13  shows  how  VC  would  decrease  as  a  function  of  time  at  4 

different  P.  s  in  an  individual  of  median  susceptiblity .  Individual 
2 

variability  introduces  large  uncertainty  at  every  .  For  example,  exposure 

to  10  h  at  a  Pn  of  2.0  ATA  produced  a  median  decrement  of  about  8%,  but  with 
2 

an  80%  confidence  interval  of  changes  ranging  from  2-18%.  The  impact  of 
variations  in  the  other  parameters  was  much  less  important  given  the  powerful 
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SUBJECT 


Fig.  11.  Range  and  distribution  of  Individual  slope  parameters  for  38 
individuals  in  which  serial  VC  measurements  were  made.  Cross-hatched  bars 
indicate  slope  for  individuals  of  highest  10%,  median,  and  lovest  10% 
susceptibility,  respectively.  The  median  value  was  -0.009  h”1  ATA  _1. 


2 


o  < 


Fig.  12.  Effect  of  individual  variation  on  the  predicted  X  decrease  in  vital 
capacity  resulting  from  exposure  to  a  P_  of  1.0  ATA.  When  Eqn.  7  was  fitted 
to  all  available  human  vital  capacity  data,  a  significant  improvement  was 
achieved  when  a  separate  slope  was  permitted  for  each  subject,  but  a  wide 
range  of  slopes  resulted.  This  figure  shows  how  the  range  of  slopes  affects 
the  predicted  change  in  vital  capacity.  The  38  slopes  calculated  for  each 
subject  were  ordered;  the  fourth  lowest  and  fourth  highest  slopes 
(approximately  the  bottom  and  top  10%,  respectively)  as  well  as  the  median 
slopes  were  used  to  calculate  predicted  VC  changes.  The  mean  individual  slope 
line  was  generated  using  the  slope  obtained  when  only  one  slope  was  calculated 
for  all  subjects. 
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Pig.  13.  Predicted  decrement  In  vital  capacity  for  an  Individual  of  median 
susceptibility  exposed  to  4  P_  s.  For  simplicity,  confidence  limits  are  not 
included,  but  at  each  P_  a  wide  envelope  of  VC  changes  (such  as  shown  on  Fig. 
12)  would  be  included  in  the  80%  confidence  limits. 


*?• 
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Influence  Individual  variability  had  on  the  response.  Our  analysis  showed 

that  a  Pn  asymptote  below  0.5  ATA  was  preferable  to  the  previous  estimate  of 
°2 

0.5.  Here,  precision  on  this  estimate  must  await  experiments  where  serial  VC 

measurements  are  made  in  groups  of  human  subjects  given  lengthy  exposures  with 

moderate  Pn  elevations.  An  exponent  (B(3)  or  m)  of  1 .0  minimised  the  error 
2 

of  the  fit;  the  previous  estimate  of  1.2  increased  the  error.  Our  analysis 

shows  the  model  that  best  fits  the  datA  of  an  individual  of  median 

susceptibility  would  be: 

X  AVC  -  -0.009(P«  -  0.38) (time) 

°2 

This  is  the  model  with  parameters  that  "minimize"  the  error.  For  reasons  of 
simplicity,  however,  with  essentially  no  loss  of  precision  in  the  predictive 
capabilities  of  the  model,  we  recommend  the  following  modification.  The 

cumulative  effect  of  any  combination  of  exposures  to  time  and  P_  for  an 

2 

individual  of  median  suspectlblllty  can  be  predicted  by  summing  the  values 

obtained  with  the  expression: 

X  AVC  -  -0.011(P  -  0.5) (time) 

2 

where  P  is  in  ATA  and  time  is  in  minutes,  as  has  routinely  been  done  with 
2 

the  UPTD  calculation.  In  fact,  our  literature  search  shows  that  there  is 

really  no  evidence  to  support  or  refute  the  legitimacy  of  this  summation.  It 

is  conceivable  that  some  recovery  occurs  to  a  certain  extent  when  Pn  is 

°2 

lowered  from  some  experimental  level  but  is  kept  above  normoxic.  Conversely, 

damage  may  occur  at  a  different  rate  if  P  is  raised  in  steps.  None  of  these 

2 

questions  have  been  answered. 

Table  11  shows  the  effect  of  the  modification  in  parameters  in  the 
simplified  versus  the  minimized  model  and  compares  the  predictions  with  those 
obtained  from  the  UPTD  Model.  The  minimized  model  is  based  on  quantitative 
data  fitting,  which  included  no  censoring  or  transformation  of  data,  a  larger. 
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TAILS  11 


fridlcud  I  Dmmn  le  VC  by  Diffunt  Models 


T0  TIsm  of  tzpoeure 

(MAI  _ _ 

Minimised 

Simplified 

Model 

uro 

Model 

1.0 

10.25 

S.7 

S.A 

2.0  (41S)* 

24 

1S.S 

13.2 

9.0  (1,440) 

41 

2A.I 

2A.4 

>20.0  (2, A A0) 

2.0 

S 

7.S 

A. 3 

>3.0  (7S0) 

10 

14. S 

1A.S 

10.0  (1,S00) 

IS 

21.0 

24.1 

lf.O  (2,250) 

UAM  Table  St 

2.0 

2.3 

<1.0  (324) 

UAN  Table  At 

3.0 

4.0 

>2.0  (033) 

UIN  Table  A  ♦  aRteaslonet 

4.3 

S.4 

>4.0  (A4A) 

UIM  Table  AAt 

4.0 

4,5 

>2.0  (444) 

UIN  Table  AA  ♦  estensienst 

S.3 

S.A 

>4.0  (A77) 

•  INwber  1a  parentheses  is  numbs r  of  VFTC  units. 

♦  Calculated  sssuolni  no  reeevsry  during  sir  brsaksi  during  dasomp rsssloA 
t loss ,  avsrsgs  depth  Is  sssueed. 

Minimised  oodeli  t  AVC  •  -0,OCV(Fft  -  .3A)(tlas) 

°2 

Simplified  nods l i  *  AVC  •  -0,0ll(Pft  -  O.Dtime 

°2 


para  eurraat  tata  Mt«  uttf  n  MXfUwi  ikwl  aaypptata*.  Thua  copparlaatta 
with  the  vm>  putal  arc  palaly  af  hlatprltal  iataraat.  Althauph  avr  patal 
appaar*  to  paka  para  aaaaarvatfva  pradletlaaa  <t.a.«  largar  VC  tacrapaat  far 
any  glvaa  aapaaura)  glvaa  that  aaah  prat !• tar  has  a  ataatart  davlst taa  af  tt* 

tha  potala  ara  vary  alpilar,  Wa  rail— if  ratalalag  tha  0*1  f.  aaypptata  far 

*  2 

aaavaafaaaa  aa  tha  aaly  aav  awpkar  that  paata  ta  ha  raafharat  ta  tha  patlaa 
alapa  «0.0ll, 

Claarly*  thla  aaalyata  than  that  a  taaraaaa  in  vital  aapatlty  ta  aat  an 
itaal  iflfai  af  tha  tavalappaat  af  pwlpaaary  0,  tattlalty  aat  wa  ara  aat  tha 
flrai  ta  aaka  thla  aritlclaa  (Vital!  at  aln  I97A|  Oartatta  aat  Uaalra* 
l«7>).  ft  la  a  aaaauraaaat  far  whlah  a  auhjaat  aaatfa  tratalag*  It  la  affart 
tapaadaat*  aat*  aa  thla  rapart  guaatiflaa*  VC  fa  varlahla  apaag  latlvltuala, 
Tha  tataa  la  haaat  aa  tha  raapaaaa  af  aa  latfvftua!  af  patlaa  auaaaptlhlltty* 
charafara  plaaiag  aaaaltlva  latlvltuala  at  a  push  htghar  rlak. 

Tha  gwaatlaa  la  atlll  apaa  aa  ta  what  uatarlylag  taalt  praaaaa  ahaagaa  ta 
VC  rapMaaat.  It  la  alaarly  a  ravaralhla  affatt  (Clark  aat  Laflhartaaai  1970* 
Kakaahaf f |  Caltvali  at  al**  I9lt|  Naatrtaka  at  at**  1977)*  hut  wo  ta  aat  kaav 
yat  how  to  aaaavat  far  raaavary  (aa  turlag  lataralttart  aipaaura)  with  thla 
patal.  Tha  Navy  aurrantly  raaaopaata  aapaauraa  that  vault  ratult  la  a  >t 
patlaa  taarapaat  la  VC  uatar  aarpal  atrauaatircaa  (aapaaura  to  aaa  U,f,  Navy 
lahla  9)  aat  auggaata  a  uilwa  aapaaura  that  vault  ha  aapaatat  ta  pratuca  a 
lOt  tatr«*aat  uatar  rairaaa  aaatltlaaai  Wa  to  aat  baov*  howavar*  whathar 
aithar  af  tha  ahaataa  la  luag  valuta  pratuaot  hy  thaa*  taarawaata  ta  af 
funi't  lv»#l  *  I  f|n  1  ft  f*nra , 


Ill  ft*  V*!f  bevy,  pulnenary  Og  toxicity  Iimomi  a  concern  during 
MUritlM  diving,  per  lode  of  long  deeonpreMlon,  ted  during  treatment  of 
deconproielen  lickofloo.  The  cur  root  practice  for  dotarnioing  02  Unite 
da panda  on  chaagaa  in  vital  capacity  aa  pradictad  by  the  VPTD,  Vo  rov loved 
tbe  gonaral  nodal  fron  vhieh  the  VPTD  concept  vac  derived  and  perforaad  a 
coordinated  quantitative  analyaia  that  permitted  explicit  taatlng  of 
pavanatara  in  the  nodal.  We  auggaatad  a  ainplifiad  linear  pradletlva  aquation 


that  ralataa  P-  and  tine  of  axpoaura  to  change  in  vital  capacity! 

2 

t  4VC  -  -0,01 1(P«  -  0.3) (tine) 

°2 

where  P^le  given  in  ATA  and  tine  in  ninutee.  Aa  with  eho  UPTD,  the  effect  of 
aunulativa  onpoauraa  can  hn  aalaulatad  by  tunning  the  affect  pradictad  at  each 


level  of  ?0 


2 


expo euro i  although  wa  polet  out  that  experiment*  have  not  bean 


dona  to  oupport  the  validity  of  thla  euunatlon.  Wo  eheved  that  individual 


•ueceptibility  la  the  tingle  large**  nource  of  variebility  accounting  for  331 
of  the  uncertainty  of  any  prediction. 
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APPENDIX  1.  UPTD  SSE  Comparison 


Linear  regression  on  the  7  data  points  resulted  in  the  following 
equation: 

7.  AVC  -  -0.01  14  *  UPTD  +  5.60733 

Thin  linear  model  assumes  a  threshold  effect:  below  a  certain  number  of  UPTDe 
(approximately  492)  there  would  be  no  change  in  VC  predicted.  We  forced  this 
to  be  true  by  resetting  any  positive  X  AVC  prediction  to  zero. 

The  data  were  also  fit  to  a  sigmoid  curve  of  the  general  form: 

1 


where  x  -  number  of  UPTDs,  and  y  ■  X  AVC.  The  following  parameters  were 
estimated:  x50  ■  4619,  n  -  1.86. 

In  calculating  the  UPTDs  for  each  data  point,  when  the  exposures 
POj  <  0.5  ATA,  the  predicted  X  AVC  was  set  to  zero. 
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